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It is shown that a two-step model of the reactjpth— *HeX (X=17, 7/,

o, ¢), involving the subprocessgsp—d=" and 7" n—Xp, can ac-
count for the form of the energy dependence of experimental cross
sections above the thresholds under the assumption that the singlet part
of the pp—da* amplitude dominates. The spin—spin asymmetry for
the reactiondp—3HeX has been found to be-—1 in the forward—
backward approximation. €996 American Institute of Physics.
[S0021-364(96)00101-9

Reactionspd— 2HeX, whereX means a meson heavier than the pion, are of great
interest for several reasons. First, high momentum trarisférGeVk) to the nucleons
takes place in these processes. Second, unexpectedly strong energy dependence of
meson production was observed near the threshisidhis respect the possible existence
of quasi-bound states in the—2He system is discussed in the literat@reThird, pro-
duction of the,7%',¢ mesons, whose wave functions contain valence strange quarks,
raises a question concerning the strangeness of the nucleon and the mechanism of
Okubo—Zweig—lizuka rule violatioh.An experimental investigation of the reaction
dp—3He¢ at Dubna has been proposed check the hypothesis that the nucleon pos-
sesses a polarized strangeness coft@hius the investigation of conventionaionex-
otic) mechanisms of the reaction in question is of great importance.

The important role of the intermediate pion beam in the reaqgtida>>Hezn was
demonstrated in Ref. 6. As was mentioned for the first time in Ref. 7, at the threshold of
the reactionpd— 3Hez a two-step mechanism, including two subprocegsps-dm*
and 7 n— gp, is favored. The advantage of this mechanism is that at the threshold of
this reaction and at zero momenta of Fermi motion in the deuteroritdaducleus, the
amplitudes of these subprocesses are practically on the energy shells. It is easy to check
that this peculiarity(the so-called velocity matching or kinematic mirgctekes place
above the threshold too, if the c.m.s. anglg,, of the » meson production in respect to
the proton beam ig. ,, ~90°. For thew, %', and¢ mesons velocity matching takes place
above the corresponding thresholds onlyfat, ~50°—90°, depending on the meson
mass and the energy of the incident proton. The two-step model opthe®Hez
reaction was developed in Refs. 3 and 8. Recently it was fothvad the two-step model
can describe the form of the threshold cross sectiorsdef: *HeX reactions as a func-
tion of the mass of produced mes¥s n,w,7’,¢. The absolute value was underestimated

1 0021-3640/96/010001-06$10.00 © 1996 American Institute of Physics 1



by an overall normalization factor of about 2.4. However, the above-threshold behavior
of the cross sections was not investigated in spite of available experimentaf dai,
the spin observables are not discussed.

In this work the two-step mod&is extended for the production of,w,7" and ¢
mesons above the threshol@s final c.m.s. momentg* of about several hundred MeV/
¢). From the description of the energy dependence of the cross section above threshold
we conclude that the singlet amplitude in the spin structure of prqzessd=" domi-
nates. On this basis we predict the spin—spin correlation for the reabtien®HeX at
the energy region of the proposed Dubna experiment.

In the general case the cross section of the readlipa>*HeX with polarized
colliding particles is too cumbersome. Let us consider at first the spin-averaged cross
section. In the two-step model it can be represented in the following formally separable
form

0 ReK| AP Eo)|2 o
da = RKI7(Po,Eo)l” 5 (P

whereK is the kinematic factor defined according to E2{l) in Ref. 3 for the differential
cross section, derived in a spinless approximatitmdeed, the factoK from Ref. 3 is
multiplied here by factor (9/8)in order to obtain the correct normalization condition for
the vertex functiord+ p—S3He). The formfactor7(Py,E,) in Eq. (5) can be expressed
through theS and D components of the nuclear wave functign by the following
integrals:

L do
p—dm*) 5o (" n—Xp), M

1 )
Fu(PoEo)= 4= | IL(PanexaiEan) of()ef(r)rdr @

the normalization integralf [ 5(r)+ ¢2(r)]r?dr equals 1 for the deuteron and
Spa=1.5 (Ref. 11 for the 3He. The variablesE, and P, are defined in Ref. 3. In
comparison with Ref. 8 we do not use the linear approximation in Fermi momenta of the
nucleons but instead take this dependence into account exactly. Bwaee approxi-
mation we have7(Py,Eq) =Fqoo-

The additional factoRg in Eq. (5), which is absent in Ref. 3, takes into account
spins and generally depends on mechanism of the reaction because of the complicated
spin structure of the amplitudes,(pp—d«*) and A,(7w*n—Xp). The analysis is
simpler at the angle$, ,, =0° and 180°. In this case the production of a pseudoscalar
mesonstn— Xp in the forward—backward direction is described by only one invariant
amplitude. The processep—dn" and7w" n— w(¢)p are determined by two forward—
backward invariant amplitudes andb; according to the following expressidis

Ay(pp—dm*)=ase-n+ib,a-[exn], ®)]
A (T N—pw)=a,e a+by(a-n)(en), (4)

wheren is the unit vector along the incident proton beamnis the polarization vector of
the spin-1 particle(d,w,¢), o denotes the Pauli matrix. According to our numerical
calculations, the contribution of the component of the nuclear wave functions to the
square modulus of the form factp#(Pg,E,)|? is less than~10% for the deuteron and
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less than~1% for 3He. Using theSwave approximation for the nuclear wave functions
and taking into account Egé3) and(4) we have found the following expressions for the
spin factorRg of the spin-averaged cross section in the two-step model

Ro=3(3 [as|*+ & |by[*~ & Re(a,b}))[3 [ay|+[bs 7] (5)
— for the pseudoscalar mesons and

Ri=3[3 ay|(3lazl®+y) + § (Jag|*+ y)Re(ash) + 4 [by|*(5|az]?+ 7)]

X[ 5 (|aa|*+2[bs[*) (3@ *+ »)] 7" ©6)

for the vector mesons, wherg=|b,|>+2 Re@}h,). It follows from Ref. 12 that
|bs|/|a;] ~0.1 at the threshold of meson productioif,~0.9 GeV, and one can therefore
put Ry=1/3 (Refs. 8 and 8 Unfortunately, no experimental data on the spin structure of
the pp—d7" and 7" n— w(¢)p amplitudes at energie,=1400 MeV are available.
Thus, the exact absolute magnitude of the spin factors and the cross sections is rather
guestionable. We have found numerically from E@®.and (6) that the values}, and

R; vary in the range from 1/9 to 4/9 when the complex amplitudesand b; vary
arbitrarily. A remarkable peculiarity of the conditi¢a,|> |b,| is that in this case the spin
factorR, for vector mesons does not depend on the behavior of amplifydasdb, and

in accordance with Eq6) it equalsR;=1/3. This value is very close to the maximal one
R2#*=4/9. It will be shown below that assumptida,|>|b,|, which provides the con-
dition Ry=R;=3%=const, is compatible with the main features of the observed cross
sections fory, o, and ' meson production. The numerical calculations are presented
below atR,=R;=3.

The numerical calculations are performed using nuclear wave functions and param-
etrization for thepp—d= ™" reaction as in Ref. 3. The experimental data on the total cross
section of the reactions " n—p»(7’,w,¢) are taken from Refs. 13 and 14 and the
isotropic behavior of the differential cross section is assumed here. The numerical results
are obtained in th&wave approximation for the spin-averaged cross sections and with
the D component of the deuteron taken into account for the spin correlations. The results
of calculations of the differential cross sections are presented in Figs. 1 and 2 in com-
parison with the experimental data.

Numerical calculations show that under the assumptiy>|b,| the two-step
model:

(i) describes the shape of the energy dependence of the observed cross sections for
7,7 ,0 meson productiorisee Figs. 1 and)2

(ii) predicts the ratio of the square moduli of the threshold amplitudg:(#A&v)
=|f(pd—>3He¢)|?/|f(pd—>Hew)|?>=0.52, in agreement with the experimental value
R®*P=0.07=0.02;

(ii ) explains the absolute value of the cross section of the reapiibaHew at
T,=3 GeV, 6., =60° (this kinematical region corresponds to the matching condition
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FIG. 1. Differential cross sections of tipel— *Hez(w, 7', ¢) reactions as a function of the laboratory kinetic
energy of protoril, . The curves show the results of calculationngi:% for different angles, ,, multiplied

by the appropriate normalization factir 8 pd— 3Hes: 180° (solid curve,N=3), 60° (dashed curvelN=3);

the circles are experimental dat&—6, ,, =180°, Ref. 1, ®—6,,, =60°, Ref. 15; b pd—°>Hey’ at
0..m.=180°(solid, N=3) and 6. ., =60° (dashedN=23); the circles are experimental data for theproduction:
O—60.m.=180°, Ref. 16;@—0. , =60°, Ref. 15; the dotted curve shows the results of calculation for the
pd—3He¢ reaction até, ,, =180° normalized by factoN=6.6 to the experimental poifi\) from Ref. 16.

(iv) is consistent, within the experimental errors, with the experimentattaethe
absolute value of the cross section fgf production atT,=3 GeV, 6, =60° (this
kinematical region corresponds to the matching condition

Therefore the assumptida;|>|b,| seems to be reasonable enough. It allows us to
make a definite prediction for the spin—spin correlations in the reaptiba 3HeX with
polarized deuteron and proton. Assuming that the polarization vectors of the ffgton
and deuterof®y are perpendicular to the incident beam and that the polarization tensor of
the deuteron is zero, we obtain the following expression for the spin—spin asymmetry:

1
| 7 00d > = 7204~ ol Re(.7 0007 302)

| 7000+ -7 204°

do(11)—do(1])

eI D+ da1D) ' "

wheredo(77) anddo(T]) are the cross sections in the cases of parallel and antiparallel
orientation of the polarization vectors of the proton and deuteron. We have found nu-
merically from Eq.(7) that X ,=—0.95 near the threshold and goes very rapidly-tb
above the threshold. A very similar result is obtained for theneson:X ,=-0.92.
Neglecting theD component of the deuteron wave function, we obtain the same result for
vector and pseudoscalar mesols; ,=Z%, ,»=—1. It should be noted that a positive
value forX , is expected on the basis of tks hypothesig:
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FIG. 2. The square modulus of the amplitude of ite—Hew reaction as a function of the c.m.s. momentum
p* of the w meson. The curve is the result of a calculation P@:% multiplied by a factoiN=29.6; the circles
(O) are experimental daf4.

In conclusion, the absolute value of the cross section for vector mesons is substan-
tially smaller than the experimental value. At the threshipfth~20 MeV/c) the normal-
ization factorN for w- is 5.9 and for¢-meson is 6.6. To describe the absolute magnitude
of the cross section in the range of 100 Me¥p* <400 MeVk one needs a normaliza-
tion factorN=9.6, which is substantially larger than the value 2.4 found in Ref. 9 at the
threshold. The fairly satisfactory description of the form of the square modulus of the
amplitude| f (pd— *Hew)|? together with a shortfall of the absolute value by an order of
magnitude is the main puzzle of this model. The experiments with polarized patrticles
can give new, very important information about the mechanism in question.
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